The recent completion of the deletion of essentially all of the ORFs in yeast is an important new resource for identifying the phenotypes of unknown genes. Each ORF is replaced with a cassette containing unique tag sequences that allow rapid parallel analysis of strains in a pool by using hybridization to a high-density oligonucleotide array. We examined the utility of this system to identify genes conferring resistance to UV irradiation by using a pool of 4,627 individual homozygous deletion strains (representing deletions of all nonessential genes). We identified most of the nonessential genes previously shown to be involved in nucleotide excision repair, in cell cycle checkpoints, in homologous recombination, and in postreplication repair after UV damage. We also identified and individually confirmed, by replacing the genes, three new genes, to our knowledge not previously reported to confer UV sensitivity when deleted. Two of these newly identified genes have human orthologs associated with cancer, demonstrating the potential of this system to uncover human genes affecting sensitivity to DNA-damaging agents and genes potentially involved in cancer formation.
The recent completion of the deletion of essentially all of the ORFs in yeast is an important new resource for identifying the phenotypes of unknown genes. Each ORF is replaced with a cassette containing unique tag sequences that allow rapid parallel analysis of strains in a pool by using hybridization to a high-density oligonucleotide array. We examined the utility of this system to identify genes conferring resistance to UV irradiation by using a pool of 4,627 individual homozygous deletion strains (representing deletions of all nonessential genes). We identified most of the nonessential genes previously shown to be involved in nucleotide excision repair, in cell cycle checkpoints, in homologous recombination, and in postreplication repair after UV damage. We also identified and individually confirmed, by replacing the genes, three new genes, to our knowledge not previously reported to confer UV sensitivity when deleted. Two of these newly identified genes have human orthologs associated with cancer, demonstrating the potential of this system to uncover human genes affecting sensitivity to DNA-damaging agents and genes potentially involved in cancer formation. O ne of the major challenges of the postsequencing phase of the Human Genome Project is assignment of biological function to the identified genes. A key resource for this is sequence and functional data from model organisms, of which the budding yeast Saccharomyces cerevisiae is one of the more important. Its usefulness as a model organism rests on its facile genetic manipulation and the large degree of homology between genes in yeast and in humans (1) , with some 30% of known genes involved in human disease having yeast orthologs. These human homologs often allow functional complementation of phenotypes in yeast with cDNA clones from human cells (2) (3) (4) .
A powerful method for determining gene function is analysis of the phenotype of mutants lacking the gene. To facilitate such analyses, an international consortium has undertaken the systematic deletion of all of the Ϸ6,200 known ORFs of yeast by using a PCR-mediated gene deletion strategy (5) (6) (7) . In addition to a selectable marker, two molecular barcodes, or ''tags,'' unique 20-base oligonucleotide sequences, are in the replacement cassette. The tags allow pooling of deletion strains and growth in a single culture. These tags, after PCR amplification, can be detected by hybridization to the corresponding complementary sequence on a high-density oligonucleotide array, thus enabling the relative abundance of each tag and hence the abundance of each deletion strain, to be determined (8) . This approach, termed here ''parallel deletion analysis,'' has previously been used with yeast to identify genes required for growth rate in rich and minimal media by using a pool of Ϸ500 deletion strains (7) and to identify new virulence genes in Salmonella typhimurium (9) .
Here we examine the ability of the recently completed set of 4,627 homozygote deletion strains to detect genes conferring resistance to cell killing by a DNA-damaging agent. We chose UV irradiation as the DNA-damaging agent for two reasons. First, the effects of UV irradiation have been exhaustively studied over the past 30 years, and researchers have identified many yeast genes, the mutation or deletion of which produces sensitivity to UV (10) . These previously identified genes provide a solid means to check the efficacy of the screen. Second, we chose UV irradiation because many of the yeast genes involved in DNA repair or damage-response checkpoints have human orthologs, the mutation of which produces sensitivity to cancer induction (11) .
We treated pools of 4,627 homozygote deletion strains (representing replacement of all of the nonessential genes) with mild doses of UVC and UVB to identify genes conferring UV resistance (i.e., producing UV sensitivity when deleted). As our goal was to find genes affecting UV cell killing, whereas the hybridization assay measures the combination of slowed cell growth and cell survival after treatment, we also tested the sensitivity of individual deletion strains by using the classic colony-forming assay to measure cell killing directly. We show that the results from the parallel deletion analysis with this set of strains (i) are highly reproducible, (ii) allowed the identification of most of the known UV-sensitive deletions in the pool, and (iii) identified three genes not previously reported to be UV sensitive. Importantly, two of the identified genes conferring UV sensitivity when deleted have human orthologs, CaSm and AF9, both of which have been implicated in cancer. We therefore conclude that parallel analysis by oligonucleotide arrays of this pool of yeast deletion strains provides a powerful tool for genetic analysis of the mechanisms of cell killing by cytotoxic agents, as well as a means to identify new genes potentially involved in the etiology of cancer.
Materials and Methods
Yeast Strains. Genotypes of the parental yeast strain BY4743 and construction of the homozygous diploid deletion strains have been described previously (7) . Information is also available in the Saccharomyces Genome Deletion Project web site (http:͞͞ www-sequence.stanford.edu͞group͞yeastdeletionproject͞ deletions3.html). All of these completed strains can be obtained from Research Genetics (Huntsville, AL) or EUROSCARF (Frankfurt, Germany). The homozygous diploid deletion pool was generated as described (7) . In the present study, we used a pool of 4,627 strains representing homozygous deletion of essentially all nonessential genes. UV Irradiation. We performed clonogenic survival experiments with the parental strain, BY4743, to determine doses of UVC and UVB that cause Ϸ50% cell killing. For UVC, this dose was 200 J͞m 2 , whereas for UVB it was 6,400 J͞m extract͞peptone͞dextrose medium (YPD) in an orbital shaker (New Brunswick Scientific) at 30°C and 300 rpm to midexponential phase (OD 600 nm 0.5-1.0). Cells were pelleted (2,000 ϫ g for 3 min), resuspended in ice-cold PBS at 10 7 cells͞ml, dispersed at less than 1-mm depth in glass Petri dishes, and immediately UV irradiated. Mock irradiated cells were treated identically in parallel. For UVC treatments, we irradiated dishes in a UVC light box (Stratalinker, 254 nm, Stratagene). For UVB treatments, the dishes were irradiated beneath a UVB lamp (FS20T12, National Biological, Twinsburg, OH, peak emission 315 nm, with less than 0.6% of the emission with a UVC component of less than 280 nm). The irradiated or control cells were then pelleted and inoculated into prewarmed YPD at OD 600 ϭ 0.05 (10 6 cells͞ml). Before reaching OD 600 ϭ 1.0, the cultures were back diluted into fresh YPD at a 1:20 dilution to maintain exponential growth. Cultures were harvested and genomic DNA extracted 18 h after treatment. In preliminary experiments with known UV-sensitive strains, we established that this time period was sufficient for sensitive strains to become depleted by a factor of 100-1,000 relative to wild-type cells after the test dose of 200 J͞m 2 . We performed three identical experiments with both UVC and UVB to determine the reproducibility of the system. PCR amplification, microarray hybridization, and data acquisition were as described (7) . Briefly, after isolation of genomic DNA from the treated and untreated pools, the isolated DNA was used as template in two PCR reactions that amplify the two tags (UPTAG and DOWNTAG) from each strain in the pool by using biotinylated PCR primers complementary to common regions in the transplacement cassette. For both the treated and untreated pool, we combined the PCR products with oligonucleotides complementary to nontag regions of the PCR product, heat denatured the mixtures, and hybridized them to purposebuilt oligonucleotide microarrays (DNA TAG3, Affymetrix, Santa Clara, CA) for 16 h at 42°C. After staining with streptavidin-phycoerythrin (Molecular Probes), arrays were scanned at an emission wavelength of 560 nm by using an Affymetrix GeneChip Scanner (Affymetrix). The hybridization intensities for each of the array elements were determined by using Affymetrix GENECHIP software.
Data Analysis. For the analysis of strain prevalence in the pool, each strain was represented by four values of signal intensity (sense and antisense array elements for each UPTAG and DOWNTAG). These four values were averaged to give a single value for each strain present in the pool. To assess the degree of sensitivity to UV radiation treatment, a ratio of treated͞ untreated signal for each strain was calculated. Those strains with lower signals in the treated compared with the untreated pool had a low ratio (sensitive strains), whereas those with similar signals from treated and untreated had ratios close to 1 (unaffected strains). The ratios for each of the 4,627 strains were calculated for UVC and UVB treatments for three separate experiments. To identify those strains that were significantly sensitive to the treatment in the three experiments, we used a recently developed statistical package, SAM (significance analysis of microarrays methodology) (12) . SAM assigns a score to each strain in the pool on the basis of the ratio of treated to control relative to the standard deviation of repeated measurements. For strains with scores greater than an adjustable threshold, SAM uses permutations of the repeated measurements to estimate the percentage of strains identified by chance, the false discovery rate (FDR). We chose the most stringent criterion of the FDR equal to zero, which produced 31 strains identified as UV sensitive. However, the absolute order of sensitivities of the strains by using this method can only be regarded as approximate because the ratios of treated͞control depend on the absolute values of the hybridization signals in the control samples, as is apparent from Fig. 1 .
Related to the above is the problem of strains in the pool with a hybridization value not very different from background. The 31 strains identified by the SAM analysis had ratios of treated͞ control of from 0.04 (deletion of RAD2) to 0.65 (deletion of YHR134W). Thus to be identified as sensitive in the pool, a strain would need to have a hybridization signal in the control sample of at least 1͞0.65 times background levels. To identify the background signal (presumably arising from cross hybridization of irrelevant sequences), we calculated the average hybridization signal for the strains not in the pool (the TAG3 chip has complementary oligonucleotide sequences for the designed tags of all genes irrespective of whether they are essential). These signals varied from 400 to 601 with a mean of 487. Therefore, under the conditions of our experiments, we would not be able to detect the sensitivity to UV of any strains with control hybridization signals of 487 ϫ 1͞0.65 or 749. There were 540 (11.7%) of the strains with hybridization signals less than this value in the untreated pool at the time of harvest.
Confirmation of Mutant Phenotype by Clonogenic Assay.
The microarray analysis allowed us to identify individual deletion strains in the pool whose response to UV treatment resulted in a reduction of signal intensity compared with controls. In theory, this could have occurred as a result of either a reduction in growth rate or cell survival after UV. To determine whether the signal reduction corresponded to UV sensitivity leading to cell death, we performed clonogenic survival experiments on several of the strains with reduced ratios of treated͞controls. Briefly, midlogarithmic phase cultures were diluted in PBS, and various cell dilutions were spread on replicate 100-mm YPD plates and treated with different doses of UVC radiation. Surviving colonies were counted after incubation for 2-5 days at 30°C and compared with survival of the parental line, BY4743.
Reintroduction of Deleted ORF. To determine whether the sensitivity of individual deletion strains was because of the absence of the deleted ORF, we reintroduced the ORF by means of an inducible expression vector. We PCR amplified ORFs from BY4743 genomic DNA by using primers which included hem- agglutin epitope tags on the 3Ј end of the encoded ORFs and HindIII and XhoI restriction sites.
THR1 sense 5Ј-CTCTCGAAGCTTATGGTTCGTGCCT-TCAAAA-3Ј, THR1 antisense 5Ј-GTGAGCCTCGAGCTAA-GCGTAGTCTGGGACGTCGTATGGGTATTGCTGTTCG-CGCTA-3Ј; LSM1 sense 5Ј-CTCTCGAAGCTTATGTCTG-CAAATAGCAAGGACAG-3Ј, LSM1 antisense, 5Ј-GTGAG-CCTCGAGCTAAGCGTAGTCTGGGACGTCGTATGGG-TAGTACATGTCAGATTTATGG-3Ј, YAF9 sense 5Ј-CTCTC-GAAGCTTATGGCTCCGA CAATAAGCAA-3Ј, YAF9 antisense 5Ј-GTGAGCCTCGAGCTA AGCGTAGTCTGG-GACGTCGTATGGGTAACTTCCGTTAATGGCTTCTTG-3Ј; R AD18 sense, 5Ј-CTCTCGA AGCT TATGGACCAC-CAAATAACCACTG-3Ј, RAD18 antisense, 5Ј-GTGAGCCT-CGAGCTA AGCGTAGTCTGGGACGTCGTATGGGTA-ATTGTTACCGGGTGGGTCT-3Ј.
PCR reactions were carried out in a final volume of 50 l containing genomic DNA (200 ng) by using Vent DNA polymerase (New England Biolabs) according to the manufacturer's instructions. The PCR products were cloned into the galactoseinducible and uracil-selectable expression vector, pMyr (Stratagene), and the constructs expanded in Escherichia coli (DH5␣, Life Technologies, Rockville, MD) and sequenced to ensure correct ORF insertion. The yeast deletion strains were transfected by using the lithium acetate method (13) . The empty vector was also cloned into parallel cultures to serve as controls. Transformed cells were selected and grown in synthetic media without uracil with 2% dextrose. These were subsequently grown in synthetic media minus uracil with 2% galactose (SMG) for 4 h to allow for production of the protein before UVC exposure and clonogenic survival assay on SMG plates. Western blot analysis by using an antihemagglutin tag antibody (Covance, Cumberland, VA) was used to confirm protein production.
Results
Signal Intensities from Individual Strains. From hybridization of the PCR products to the oligonucleotide array, we obtained signal intensities from the sense and antisense tags for both the UPTAG and DOWNTAG for each deletion strain in the pool. From these four, a mean signal intensity was calculated for each strain and the data averaged from three experiments. The mean signal intensity ranged from a background level of 386 to 29,354 for the 4,627 strains in the pool. Fig. 1 shows the distribution of these pooled signals from the control and UVC-treated cultures for all 4,627 strains from the three experiments, as well as the position of seven known radiosensitive deletion strains.
Calculation of Sensitivity. Once mean signal intensities for each strain and treatment were obtained, a ratio of treated͞untreated was calculated for each strain in each experiment from which a geometric mean for that strain was calculated. A ratio of 1 suggests the treatment had no effect on the strain, whereas a low ratio suggests a growth deficit. Ratios above 1 were rare and represented experimental variation. This variation was confirmed by statistical analysis by using the SAM methodology (12) (Fig. 2) . Table 1 shows the list of 31 deletion strains identified by SAM method to be significantly sensitive to UVC with the expectation of no false positives (see Materials and Methods), together with the ranking of each strain in the UVC and UVB experiments.
Similarity Between UVC and UVB Sensitive Strains. Considering the pool was comprised of 4,627 individual strains, there was remarkable consistency in the reproducibility of identifying UVC sensitive strains between individual experiments and between the UVC and UVB treatments (Table 1) . SAM analysis identified 31 UVC-and 30 UVB-sensitive strains from the pool of 4,627 strains (Table 1, Fig. 2 ). This analysis showed the top 10 UVC-sensitive strains were also in the top 10 UVB strains. Twenty-seven of the 31 UVC strains were also in the 30 SAM UVB-sensitive strain list.
Identification of Known UV Sensitivity Strains. The 31 UVCsensitive strains in Table 1 comprised 25 strains previously reported to have UV sensitivity and six with no prior reports of sensitivity (see Discussion). The strains known to have high UV sensitivity were near the top of the sensitivity rankings, and conversely the mild sensitivity strains were nearer the bottom of the list. The known sensitive strains were deleted for genes involved in nucleotide excision repair (NER), postreplication repair, recombinational repair, or in DNA cell cycle checkpoint functions. NER is the major pathway used to repair UV-induced lesions, and NER-defective strains comprised the top five in the sensitivity rankings.
Identification and Confirmation of Unknown UV Sensitivity Genes. Six strains that had no previous reported UV sensitivity were identified as significantly sensitive to UVC in our screen. We obtained the individual strains for all six and examined them for UVC sensitivity by clonogenic assay. Two of the six (snf2⌬͞snf2⌬ and YHR134W⌬͞YHR134W⌬) ( Table 1, rankings 26 and 31) showed only a marginal increase in cell killing compared with the parental strain, whereas the other four showed marked sensitivity. That these two strains were not sensitive to cell killing suggests that they either experienced more growth delay or had a slower growth rate than the average strain after UV treatment.
One of the four unknown strains that displayed substantial UVC sensitivity was ybr099c⌬͞ybr099c⌬ (Table 1, ranking 12 ). This is a hypothetical ORF that is located on the opposite coding strand to the known UV sensitivity gene MMS4. Thus, deletion of YBR099C would result in disruption also of the MMS4 ORF and hence UV sensitivity. The remaining three strains not previously identified as UV sensitive were thr1⌬͞thr1⌬, lsm1⌬͞ lms1⌬ and yaf9⌬͞yaf9⌬ (Table 1 , rankings 14, 24, and 27). Fig.  3A shows UVC radiation survival curves of these three along with the parental strain BY4743 for comparison. Also shown for comparison (Fig. 3B) are survival curves for three strains of known UV sensitivity, two with reportedly moderate sensitivity Table 1 along with their ranking in the UVB experiments.
(mus81⌬͞mus81⌬, and mms2⌬͞mms2⌬) and one with high sensitivity (rad18⌬͞rad18⌬) ( Table 1 , ranking 21). On the basis of a comparison between the known and unknown stains, the three newly identified strains would be classified as moderately sensitive to UVC.
To confirm that the sensitivities of the strains were the result of deletion of the ORF and not of other genetic alterations, we reintroduced and expressed the gene products in a plasmidbased inducible expression vector. In each case, we confirmed the expression of the relevant protein by Western blot by using Identification of significant UV sensitivity was performed by SAM analysis by using the ratios of hybridization signals in the treated͞control pools and their variance obtained in three replicate experiments. Shown also are the sensitivities to UV irradiation categorized from the primary literature as high (DMF Ͼ 3.0), moderate (DMF ϭ 1.5-3.0), and mild (DMF Ͻ 1.5), where DMF is the dose modifying factor (ratios of doses of wild-type and mutant at equisurvival) at 10% cell survival. Also shown are the individual sensitivity rankings in the three replicate UVC experiments and the sensitivity ranking from three replicate experiments with UVB. All references to the primary data and the known function of the proteins are given in the Proteome database (http:͞͞www.proteome.com͞ databases͞index.html).
Fig. 3.
(A) UVC radiation survival curves of the parental strain, BY4743, and three strains not previously known to be UV sensitive. BY4743, filled squares; lsm1⌬͞lsm1⌬, filled triangle; thr1⌬͞thr1⌬, filled circle; yaf9⌬͞yaf9⌬, filled diamond. (B) UVC radiation survival curves of the parental strain, BY4743, and three known sensitive strains. BY4743, filled squares; mus81⌬͞mus81⌬, filled triangle; mms2⌬͞mms2⌬, filled circle; rad18⌬͞rad18⌬, filled diamond.
an antihemagglutin antibody before testing for UV sensitivity. As a negative control, we introduced the expression plasmid without the ORF insert. Fig. 4 shows the data for survival to 200 J͞m 2 of the three newly identified UV sensitive strains with introduction of the empty vector or with the vector containing the relevant ORF. As a positive control, we also performed the same procedure with the known UV sensitive strain rad18⌬͞ rad18⌬. The data show that in each case, the introduced ORF corrected the sensitive phenotype, restoring survival to that of the wild-type strain BY4743. Thus the sensitivity of each strain can be attributed to deletion of the corresponding gene.
Discussion
The present study was undertaken to assess the ability of the complete genome set of homozygous yeast deletion strains to discover genes conferring sensitivity to a cytotoxic agent. Previous screens for such genes conferring sensitivity when deleted required replica plating, with the subsequent nontrivial identification of the mutated or deleted gene. The power of the present pool of deletion mutants is that each deleted gene is replaced by two tags that uniquely identify the strain by hybridization to high-density oligonucleotide arrays containing the complementary sequences to each of the tags. In a previous report with this system using a 500-strain pool, Winzeler et al. demonstrated that some 40% showed quantitative growth defects in either rich or minimal medium by using hybridization to a first generation oligonucleotide array, and that the system identified all of the strains in the pool known to be essential for growth in minimal medium (7) .
Here we show that the system has considerably more power than previously demonstrated. First, we show that it can semiquantitatively rank the sensitivities to killing by an acute exposure to a DNA-damaging agent. Further, we demonstrate that this comparison of cell killing can be done with the final pool of 4,627 strains representing deletion of all nonessential genes in yeast. We chose UV radiation as the DNA-damaging agent because of numerous studies by investigators over the past 30 years that have identified many genes in yeast that, when mutated or deleted, give rise to sensitivity (10) . These genes can be broadly grouped into three classes representing NER (14) , postreplication repair (15), including DNA damage checkpoint genes (16) , and recombinational repair (17) .
We used three criteria to determine the utility of parallel deletion analysis with the present pool: (i) the reproducibility of the results; (ii) its ability to discover previously known genes whose deletion confers sensitivity to UV, and (iii) its ability to discover previously unknown genes affecting UV sensitivity. The deletion pool performed well on all three criteria. In relation to reproducibility, three replicate experiments with UVC and three replicate experiments with a higher dose of the less damaging UVB produced essentially the same results. In fact, the UVC experiments identified the same strains in the top eight most sensitive in each of the three experiments, and the same strains were in the top eight most sensitive to UVB. Analysis of the data with a new statistical method for analyzing microarray data (12) identified 31 strains as significantly sensitive after UVC and 30 for UVB, with the list of strains being very similar for the two types of irradiation. In addition to the close similarity of replicate experiments, the similarity of the data for UVB and UVC is a further test of the reproducibility of the system because the cytotoxic lesions introduced by these two wavelengths are very similar (18) .
The second criterion was for the system to correctly identify known UV-sensitive genes. From a search of the Proteome database (http:͞͞www.proteome.com͞databases͞), the primary literature, and recent reviews (10, (14) (15) (16) , we identified 53 genes that have been reported to confer UV sensitivity when mutated or deleted in any strain background. Of these 53, 13 are essential genes and therefore not in the pool (all members of the TFIIH transcription factor, as well as RFA1, RFC1, POL30, CDC9, CDC7, MEC1, and RAD53). Of the remaining 40, eight strains had hybridization signals too close to background (less than 759 hybridization signal in the untreated pool) to be detected as sensitive (mre11⌬͞mre11⌬, xrs2⌬͞xrs2⌬, rad50⌬͞rad50⌬, rad52⌬͞rad52⌬, met18⌬͞met18⌬, rad6⌬͞rad6⌬, ubc13⌬͞ ubc13⌬, and ddc1⌬͞ddc1⌬) because of slow growth or other reasons. We identified as sensitive 24 of the remaining 32 by using the stringent criterion of no false positives in the SAM analysis (Table 1) . These involved genes involved in NER, postreplication repair, DNA damage checkpoints, and homologous recombination. The latter included members of the rad52 epistasis group RAD51, RAD54, RAD55, RAD57, RAD59 (Table  1 rankings 30, 20, 25, 18, and 13) . The absence of the rad52 homozygous deletion strain is explained by the fact that this strain had a signal intensity in the untreated sample that was too low for it to be detected as sensitive.
There were, however, eight strains that we did not identify as statistically significantly sensitive to UV by this ''no false positives'' criterion: those with deletions in REV1, REV3, RAD16, RAD30, CAC2, RFL2, UMP1, and MSI1. These eight strains have been reported to confer mild to moderate UV sensitivity when mutated (19) (20) (21) (22) . However, with the exception of the strains with deletions in CAC2, RFL2, and UMP1, these were in the top 90 (top 2%) of the 4,627 strains in the pool in sensitivity rank. It is likely that the statistical criterion that we used was too stringent to identify these strains and͞or there could be differences in UV sensitivity depending on strain background.
Twenty-four of the 31 strains in Table 1 that we identified as sensitive have been reported previously to be sensitive to UV. One other strain, mms4⌬͞mms4⌬, although previously reported not to be UV sensitive (23) , is likely to be sensitive, because mms4p has been shown to physically interact with mus81p (24), which we identified as conferring UV sensitivity when deleted. The sensitivity of mms4⌬͞mms4⌬ is also suggested by the fact that UV sensitivity is produced by deletion of YBRO99C, an ORF on the opposite strand and partially overlapping that of MMS4 (SGD database, http:͞͞genome-www.stanford.edu͞ Saccharomyces). Thus 26 of the 31 strains in Table 1 have either been previously reported to be UV sensitive or are likely to be so.
To test the third criterion, namely whether parallel deletion analysis could identify previously unreported genes conferring UV sensitivity, we found that three of the five previously unreported UV sensitive strains were sensitive to cell killing by testing the individual strains for clonogenic survival following UV irradiation. However, this sensitivity does not necessarily implicate these particular genes for two potential reasons. First, there could have been an error in strain construction so that the particular bar-code tag could have been assigned to these genes by mistake. Second, it has been reported that some 8% of these deletion strains have other changes in the genome in addition to elimination of the ORF (25) . To test for these possibilities, we expressed the relevant gene in the deletion strain to determine whether this expression would complement the radiationsensitive phenotype. In all three instances, we showed that replacing the gene restored the wild-type resistance to the sensitive strain (Fig. 4) , strongly implicating that gene in UV sensitivity. A possible reason that we have identified genes not previously found in screens for UV sensitivity is that the present study was conducted with diploids, whereas most other mutants were identified in screens with haploids because radiationsensitive mutants are recessive. Homozygous deletions in diploid cells allow mutants in homologous recombination to be more easily identified.
Two of the three newly identified UV sensitivity genes have human orthologs. The LSM1 gene codes for a protein of the Sm class of RNA-binding proteins involved in control of mRNA decapping and decay (26) . The gene is 68% similar and orthologous to a novel human gene of unknown function, CaSm, the product of which has been found to be elevated in pancreatic cancer and in several pancreatic cancer cell lines (27) . The YAF9 gene codes for a protein whose molecular function and biological processes are unknown. However, its human ortholog, AF9, is also involved in cancer. AF9 is the partner gene of MLL in a 9:11 translocation associated with de novo acute myeologenous leukemia (28) . The third newly identified UV-sensitive gene, THR1, has no known human homolog. The gene codes for homoserine kinase, the first step in the threonine biosynthesis pathway in yeast. The UV sensitivity of the thr1null mutant raises the possibility, among others, that threonine biosynthesis may be involved in UV damage signaling through threonine phosphorylation.
Because of the connection between cellular sensitivity to DNA damage agents and the induction of human cancer, identification of novel genes affecting the sensitivity of yeast to DNA damage has wider applicability than finding human homologs involved in the same process. Many familial cancer susceptibility syndromes are the result of mutations in genes that promote DNA repair or induce cell cycle checkpoints after DNA damage (11) . Such genes include the XP family, ATM, TP53, BRCA1, BRCA2, NBS1, WRN, BLM, and hRAD51. Yeast strains mutant in homologs of these genes are sensitive to cell killing by DNA damaging agents, particularly to UV and ionizing radiation (10, 29) . The association with cancer of the orthologs of the newly identified UV-sensitive genes, CaSm and AF9, strengthens this hypothesis of an association of DNA damage sensitivity with cancer and provides leads to two new genes potentially involved in cancer predisposition.
In summary, we have tested the recently completed pool of yeast deletion strains by hybridization to an oligonucleotide array for its ability to identify genes, the absence of which confers sensitivity to UV radiation. In addition to identifying known mutants in nucleotide excision repair, cell cycle checkpoints, and postreplication repair, we identified three genes previously unknown to confer resistance. Two of these genes have human orthologs, AF9 and CaSm, both of which have been implicated in human cancer. We conclude that this pool of yeast deletion strains is a powerful tool for discovery of genes not only affecting the sensitivity of cells to cytotoxic agents and hence the mechanism of action of such agents, but also human genes potentially involved in cancer predisposition.
